Objectives: The present study investigated the usefulness of evaluating the existence of volume reduction in brain regions using voxel-based morphometry (VBM) to dissociate major depressive disorder (MDD) from bipolar disorder (BD).
| INTRODUCTION
Currently, in clinical psychiatry practice, the diagnostic processes mostly rely on clinical interview or questionnaires including patients' reports of symptoms, observed behaviors, and disease course. However, depressive symptoms are commonly observed in many psychiatric conditions. For instance, differentiation between bipolar disorder (BD) presenting depressive symptoms and unipolar major depressive disorder (MDD) is a huge issue because most patients with BD with depressive symptoms are initially diagnosed with MDD. 1, 2 Thus, in an initial interview, there may be a risk to prescribe an antidepressant to BD patients instead of mood stabilizer, suggesting that misdiagnosis leads to an inappropriate treatment. We therefore believe that robust biomarkers that can facilitate early and accurate differentiation of BD with depressive symptoms from MDD are necessary for the purpose of introducing an appropriate treatment.
Recent magnetic resonance imaging (MRI) studies have demonstrated an association between MDD and volume reduction in the subgenual anterior cingulate cortex (sgACC, rostral part of Brodmann area 24) . A meta-analysis of studies based on MRI and voxel-based morphometry (VBM) revealed that the sgACC was the brain region that consistently showed localized volume reduction in patients with MDD. 3, 4 In contrast, previous studies have reported that individuals with BD have a volume reduction in various brain regions including the bilateral dorsolateral prefrontal cortex, left hippocampus, cerebellum, left rostral anterior cingulate cortex, fronto-insular cortex, and the medial orbitofrontal region. [5] [6] [7] [8] [9] [10] A few studies have reported volume reduction in the subcallosal area (SCA, Brodmann area 25), which is adjacent to the rostral part of the sgACC and has been known as a target area for deep brain stimulation (DBS) in cases of treatmentresistant MDD and BD, 11, 12 suggesting the involvement of the SCA in the pathogenesis of both MDD and BD. [13] [14] [15] The sgACC and SCA are reportedly difficult to separate. However, we successfully discriminated between the sgACC and SCA using MRI and VBM. 16 First, a comprehensive cross-sectional study revealed that volume reduction in patients with MDD under treatment was more consistently observed in the sgACC than in any other brain region such as the amygdala, hippocampus, and the prefrontal cortex. 2 | METHODS
| Participants
The participants were consisted of 92 patients with MDD, 32 patients with BD, and 43 healthy control (HC) individuals. Participants with MDD and BD were recruited from Nanbu Hospital (Okinawa, Japan).
HC individuals were recruited from the community through website advertisements at Nanbu Hospital. A portion of the sample was originally collected for our previous study. 16 We newly enrolled 10 subjects with MDD and seven subjects with BD for this study. 
| Data acquisition
MRI in all the participants enrolled in this study was conducted using a In order to examine the group differences of gray matter volume (GMV), we first obtained the z score for each participant using the Voxel-Based Specific Regional Analysis System for Alzheimer's Disease (VSRAD) software. 21 This software automatically performed the following steps. All the T1-weighted images were corrected for bias-field in homogeneities, then segmented into gray matter, white matter, and cerebrospinal fluid and spatially normalized using the DARTEL algorithm in SPM8 (Statistical Parametric Mapping, Institute of Neurology, London, UK). 20 In this study, the customized template for DARTEL previously created from the 25 healthy young subjects 21 was used for anatomic standardization. Segmented and normalized data were smoothed with a Gaussian kernel of 8 mm full width half max (FWHM). Finally, in GMV, a whole-brain voxel-wise comparison
Key points
• There were no significant differences in the hippocampal z scores among the major depressive disorder (MDD), bipolar disorder (BD), and healthy control (HC) groups.
• The subgenual anterior cingulate cortex (sgACC) z score was significantly higher in the MDD than in the BD and HC groups.
• The subcallosal area z score was higher in the MDD and BD groups than in the HC group.
• Volume reduction in the sgACC may be useful to dissociate MDD from BD.
was conducted between each participant, and the database of healthy 24 In particular, smaller GMV of the hippocampus and entorhinal cortex is associated with higher z scores.
Given that MRI data of this study and healthy database of the VSRAD were scanned with a different MRI, direct comparisons between groups were not feasible. To address this issue, we additionally enrolled HC group scanned at the same condition and compared the z scores among these three groups including the MDD, BD, and HC. Second, in order to define the target VOI of the sgACC, we teristics. We performed analysis of covariance (ANCOVA) to compare the difference of mean z score extracted from the hippocampus, sgACC, and SCA VOI among the three groups using age as a covariate.
| Statistical analysis
When there was a significant main effect of diagnosis, post hoc analysis using Bonferroni correction was conducted. The level of significance was set at P < 0.05.
Receiver operating characteristic (ROC) analysis was used to assess whether the z scores of the sgACC and SCA could dissociate the MDD group from the BD group. On the basis of the results of the ROC analysis, the thresholds were set for the z scores of the sgACC and SCA. Z scores higher than the thresholds were defined as reflecting volume reduction. The presence of volume reduction in the sgACC and SCA of group MDD, group BD, and group HC was evaluated. All statistical analyses were performed with SPSS 25. 0J (IBM Inc., Armonk, NY).
3 | RESULTS
| Patient characteristics
There were no significant differences in age (MDD: 65.9 ± 7.6 years;
BD: 64.3 ± 7.4 years; HC: 65.8 ± 6.0 years; P = 0.547) but not in the male/female ratio among three groups (P = 0.008). Significant differences in the onset time and disease duration were observed between the MDD and BD groups; such that the BP group had younger onset time and longer disease duration than the MDD group (P < 0.001, respectively). Moreover, the BD group had a significantly higher HAMD scores than the MDD group (P = 0.03) ( Table 1) .
| Comparison of VOI's z score between groups
For the estimated neighboring average of the z score of the hippocampus using age as a covariate, no significant difference was observed among the MDD, BD, and HC groups, F (2, 163) = 2.570, P = 0.080,
For the estimated neighboring average of the z score of sgACC, a significant main effect of diagnosis was observed among the groups, F (2, 163) = 185.788, P < 0.001, η 2 = 0.695. In a post hoc analysis using Bonferroni correction, the MDD group showed a significantly higher z score than the BD group and the HC group (P < 0.001). No significant difference was observed between the BD and HC groups (P = 0.119). The mechanism is not yet clear, but also in the precedent study, an association between volume reduction in the sgACC and depression had it pointed out from the young generation even to the elderly.
There is a report that an inverse correlation is found between the volume of sgACC in depressed state and HAMD score in the young generation from 12 to 25 years old. 25 The sgACC has a higher density of serotonin transporters than other areas of the cortex. According to one report, reduction in the volume of this area reflects a reduced density of the nerve cells themselves as well as glial cells. 26 Another study has described the relationship between depression and Abbreviations: BD, bipolar disorder; HAMD, Hamilton's Rating Scale for Depression; HCs, healthy controls; MDD, major depressive disorder.
FIGURE 2
Neighboring average estimation of the z score of the hippocampus, subgenual anterior cingulate cortex (sgACC), and subcallosal area (SCA) in major depressive disorder (MDD), bipolar disorder (BD), and healthy control (HC). A, For the estimated neighboring average of the z score of the hippocampus using "age" as a covariate, there was no significant main effect of diagnosis among the MDD, BD, and HC groups. B, For the estimated neighboring average of the z score of sgACC using "age" as a covariate, a significant main effect of diagnosis was observed among the groups. In a post hoc analysis using Bonferroni correction, the MDD group showed a higher value than the BD group and the HC group. No significant difference was observed between the BD group and the HC group. C, For the estimated neighboring average of the z score of SCA using "age" as a covariate, a significant main effect of diagnosis was observed among the groups. In a post hoc analysis using Bonferroni correction, the MDD and BD groups showed a significantly higher value than the HC group. A significant difference was not observed between the MDD and the BD groups. Error bar represents 95% CI. Significant codes; * P < 0.05, *** P < 0.001 inflammation, demonstrating microglial activity in sgACC, and suggested that neuroinflammation probably represents an important mechanism underlying the development of depression at an advanced age. 27 Patients with depression show elevation of the serum levels of proinflammatory cytokines. 28 We may infer that the microglia activated by stress induces the release of inflammatory cytokines within the brain and that these cytokines induce sustained activation of the sgACC, thereby injuring the glial cells of the sgACC.
So far, it has been difficult to correctly compartmentalize the sgACC and SCA, and previous studies have analyzed brain regions without distinguishing between these two regions. For example, in a report by Drevets et al, 14 images showing local brain volume reduction in MDD and BD included both the sgACC and SCA.
It has also been reported that pharmacotherapy with selective serotonin reuptake inhibitors or treatment with repetitive transcranial magnetic stimulation (rTMS) or DBS reduces sgACC activity on functional MRI (fMRI), [29] [30] [31] [32] and some fMRI images in these reports also included both the sgACC and SCA. A novelty of this study was that the sgACC and SCA were compartmentalized and differentiated on brain images using VBM to assess the regional brain characteristics in MDD and BD.
Furthermore, the method described in this study is useful for clinical application, in that simultaneous assessment of volume reduction in the hippocampus, sgACC, and SCA allows Alzheimer-type dementia, characterized by volume reduction in the hippocampus, to be differentiated from MDD. In elderly patients with MDD, depressed mood is occasionally less prominent, while apathy, anxiety, and irritation are prominent, often leading to a misdiagnosis of dementia. Moreover, because autonomic symptoms are more prominent than depressed mood or decreased motivation, the patients tend to be misdiagnosed as having a physical disease rather than MDD. Assessment of the existence of volume reduction in the three brain regions, ie, the hippocampus, sgACC, and SCA, by VBM using SPM8 and DARTEL, as in this study, provides clues to whether the patient may have dementia, MDD, or dementia plus MDD; that is, it is useful for the differential diagnosis of these conditions and for predicting the prognosis and responsiveness to drugs. [33] [34] [35] [36] [37] [38] We are aware that this study has several limitations. First, it was conducted with participants aged 54 to 80 years. Accordingly, it is difficult to directly widen the findings to younger age populations. It is also important to examine the phenotypes at various levels, including at the level of the brain neural circuits, brain function, brain structure, cell function, and molecular and gene expressions and to and BD in daily clinical practice. In the future, it is expected that a larger number of patients will be examined, which would allow for a more accurate auxiliary diagnostic method to be established.
